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Thyroid hormone (TH) may control the ratio of oligodendro-
cytes to astrocytes in white matter by acting on a common
precursor of these two cell types. If so, then TH should pro-
duce an equal but opposite effect on the density of these two
cells types across all TH levels. To test this, we induced graded
TH insufficiency by treating pregnant rats with increasing
doses of propylthiouracil. Propylthiouracil induced a dose-
dependent decrease in serum T, in postnatal d 15 pups, a
dose-dependent decrease in the density of MAG-positive oli-
godendrocytes, and an equal increase in the density of glial
fibrillary acidic protein-positive astrocytes in both the corpus
callosum and anterior commissure. Linear regression analy-
ses demonstrated a strong correlation between glial densities
and serum T,; this correlation was positive for astrocytes and

negative for oligodendrocytes. Surprisingly, oligodendro-
cyte density in the corpus callosum was more sensitive to
changesin TH than in the anterior commissure, as indicated
by the slope of the regressions. Furthermore, we measured
an overall reduction in the cellular density that was inde-
pendent of changes in myelin-associated glycoprotein and
glial fibrillary acidic protein-positive cells. These data
strongly support the interpretation that TH controls the
balance of production of oligodendrocytes and astrocytes in
major white matter tracts of the developing brain by acting
on a common precursor of these cell types. Moreover, these
findings indicate that major white matter tracts may differ
in their sensitivity to TH insufficiency. (Endocrinology 149:
2527-2536, 2008)

HYROID HORMONE (TH) is essential for normal brain
development in humans and in animals (1). Recent
studies of children with congenital hypothyroidism (CH)
reveal some of the complexity in the relationship between
low TH and cognitive development. For example, newborn
screening for CH has virtually eliminated mental retardation
associated with this disease by allowing early detection and
prevention of postnatal hypothyroidism (2). However, cog-
nitive deficits remain in these children, depending on the
severity of CH at diagnosis as well as the duration of expo-
sure to TH insufficiency and the therapeutic treatment par-
adigm used (3-7). These and other findings show that the
residual cognitive deficits associated with CH are related to
the severity and developmental timing of the insult (8).
An important event regulated by TH is white matter de-
velopment (9, 10). Children born with low circulating levels
of TH (i.e. congenital hypothyroidism) exhibit abnormal my-
elination as defined by both biochemical analysis (11) and
proton magnetic resonance spectroscopy (12). Likewise,
structural disturbances in white matter tracts in the brain are
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Abbreviations: AC, Anterior commissure; CC, corpus callosum; CH,
congenital hypothyroidism; DAPI, 4',6-diamidino-2-phenylindole; G,
gestational day; GFAP, glial fibrillary acidic protein; GRP, glial-re-
stricted precursor; MAG, myelin-associated glycoprotein; O2A, oligo-
dendrocyte type II astrocyte; P, postnatal day; PTU, propylthiouracil;
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associated with behavioral deficits, especially attentional
deficits (13-15). Finally, children with congenital hypothy-
roidism exhibit attentional deficits (13), indicating that at
least some of the cognitive deficits caused by low TH are
related to structural abnormalities in white matter tracts.

This conclusion is supported by work in experimental
animals. Developmental hypothyroidism causes a decrease
in the number of oligodendrocytes in major white matter
tracts such as the corpus callosum (CC) and anterior com-
missure (AC), which results in a decrease in the number of
myelinated axons (14-17). We recently found that severe
developmental hypothyroidism also leads to an increase in
astrocyte numbers in the CC and AC that is exactly balanced
by the decrease in oligodendrocyte number such that the sum
of these two cell types is not altered in the hypothyroid
animal (14). This observation is consistent with in vitro stud-
ies showing that TH acts on a glial-restricted precursor
(GRP)/oligodendrocyte type Il astrocyte (O2A) cell to induce
oligodendrocyte differentiation at the cost of astrocyte dif-
ferentiation (38-40).

Although there is strong evidence in vitro that oligoden-
drocytes and astrocytes are derived from a common precur-
sor (18), several recent studies indicate that oligodendrocytes
may also be derived from precursor cells that generate y-ami-
nobutyric acid interneurons in the telencephalon (19), rather
than from common precursors of oligodendrocytes and as-
trocytes. In addition, fate-mapping studies demonstrate that
oligodendrocytes in the telencephalon are derived from pro-
genitors that arise from at least three different embryonic
brain regions (20); therefore, different subpopulations of ol-
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igodendrocyte lineages may exhibit regional differences in
their abundance and may not be related to astrocyte number.

Because we previously used severe hypothyroidism to
study the effects of TH on the number of oligodendrocytes
and astrocytes in white matter, it is possible that our results
were misleading. Specifically, in the complete absence of TH,
oligodendrocyte number may be maximally suppressed and
astrocyte number may be maximally increased, and it may
be fortuitous that the sum of these two cell types is not altered
(14). In contrast, if these two cell types are derived from a
common precursor and if this precursor is the site of TH
action to regulate the balance of production of oligodendro-
cytes and astrocytes, then the sum of these two cell types
should be the same across all levels of TH. To test this hy-
pothesis, we examined oligodendrocyte, astrocyte and total
cell density in the corpus callosum and anterior commissure
of rat pups on postnatal d 15 (P15) after exposure to various
doses of propylthiouracil.

Materials and Methods
Animals

All animal treatments were completed at the U.S. Department of
Environmental Protection (Research Triangle Park, NC) in an Assess-
ment and Accreditation of Laboratory Animal Care-approved animal
facility. Treatments were in strict accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and had
been approved by an institutional animal care and use committee. Timed
pregnant Long-Evans rats were purchased from Charles River (Raleigh,
NC) and shipped to the treatment facility at the U.S. Department of
Environmental Protection on gestational d (G) 2 and housed individu-
ally in standard hanging plastic cages. Rats were randomly assigned to
one of four groups: control (0 ppm), 1 ppm (0.0001%) propylthiouracil
(PTU; Sigma, St. Louis, MO), 2 ppm PTU (0.0002%), and 3 ppm PTU
(0.0003%). PTU was provided in the drinking water and was initiated on
G6 and continued until pups were killed on P15. On P15, one female pup
from each litter was weighed and killed by decapitation. Trunk blood
was collected and the brain was removed and immediately frozen on
pulverized dry ice and stored at —80 C.

RIA

Total serum T, was measured as described previously (14). Briefly,
total T, was measured in 5 ul of rat serum using a barbital buffer system.
After a 30-min incubation at 37 C with anti-T, antibody and '**I-labeled
T,, bound counts were precipitated by addition of ice-cold polyethylene
glycol 8000 [20% (wt/vol); Sigma], centrifuged, and counted in a
y-counter. Standards were prepared from T, (Sigma) measured using a
Cahn electrobalance (Cahn Electrobalance, Inc., Madison, WI); stan-
dards were run in triplicate, whereas samples were run in duplicate.
Standards were calibrated to measure serum T, levels from 0.4 to 25.6
pg/dlL The assay was run at 40-50% binding; nonspecific binding was
generally less than 8%. All samples were measured in a single assay.

In situ hybridization

Brains harvested in North Carolina were shipped on dry ice overnight
to the University of Massachusetts-Amherst. Frozen brains were sec-
tioned at 12 um in coronal plane using a cryostat (Reichert-JungFrigocut
2800N; Leica Corp., Deerfield, IL). These sections were taken approxi-
mately 0.48-1.0 mm caudal to Bregma (corresponding to Figs. 14-16 in
Ref. 21). Sections were thaw mounted onto twice gelatin-coated slides
and stored at —80 C until hybridization.

The mRNA coding for myelin-associated glycoprotein (MAG) was
detected using a 48-base oligonucleotide directed toward exon 8 of the
rat MAG gene (5'-CAG GAT GGA GAC TGT CTC CCC CTC TAC CGC
CAC CACCGT CCC ATT CAC-3'; accession no. X05301, bp 1163-1116).
This oligonucleotide was purchased from IDT DNA (Coralville, IA), and
3" end labeled using terminal deoxynucleotidyl transferase (Roche Ap-
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plied Sciences, Indianapolis, IN) according to the manufacturer’s in-
structions. We used a 10-fold molar excess of a**P-dATP relative to the
oligonucleotide to produce an average tail length of 10 radiolabeled
nucleotides per probe. Glial fibrillary acidic protein (GFAP) mRNA was
detected using a a**P-labeled cRNA probe generated from a ¢cDNA
fragment in vitro coding for bp 2290-1365 of GFAP (accession no.
NMO017009) as previously described (14, 22).

Pre- and posthybridization treatments were performed as previously
described (14, 23). Briefly, for each probe, two slides from each brain,
each containing two adjacent fresh-frozen sections, were fixed in 4%
formaldehyde/PBS for 30 min and then washed with PBS. Tissue sec-
tions were then acetylated, dehydrated through a graded series of al-
cohol, delipidated with chloroform, rehydrated to 95% ethanol, and air
dried. Fifty microliters of hybridization buffer containing 2 X 10° cpm
were applied to each slide, coverslipped, and incubated at 52 C (cRNA)
or 37 C (oligo) for 16 h. After hybridization, coverslips were removed in
1X saline sodium citrate and then processed to remove unhybridized
probe as previously described (14).

Film autoradiography and signal quantification

After in situ hybridization, slides were arranged in x-ray cassettes and
exposed to BioMax film (Eastman Kodak, Rochester, NY) for either 2 d
(MAG) or 3 d (GFAP). Radiographic signals were developed using an
automated film processor (Konica SRX-101A; Alliance Imaging Inc.,
Warham, MA) and analyzed as follows. A magnified image was cap-
tured using a Nikon macro lens mounted to a SPOT Insight camera
(Diagnostic Instruments, Sterling Heights, MI) interfaced to a Macintosh
computer operating SPOT Third Party software (Diagnostic Instru-
ments). Using NIH Image | (freeware provided by W. Rashband, Na-
tional Institute of Mental Health, Bethesda, MD), density values corre-
sponding to the CC and AC radiographic signals were measured by
encircling these areas with the drawing tool of Image J. Tissue back-
ground was measured for each section and subtracted from the paired
signal image. The resulting density values for individual target mRNAs
were averaged for each brain region within an animal. Statistical analysis
was then performed on the resulting corrected mean densities.
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Single-cell mRNA measurements

After exposure to film, slides were dipped in NTB radiographic
emulsion (Eastman Kodak), air dried, boxed in a light-tight container,
and stored at 4 C for either 4 d (MAG) or 6 d (GFAP). Emulsion-coated
slides were developed in Dektol for 2 in, rinsed in water, fixed for 5 min
in Kodak fixer, rinsed in water, counterstained with 0.5% methyl green,
and coverslipped in Permount (Sigma-Aldrich, St. Louis, MO). Cellular
levels of MAG and GFAP mRNAs were determined as previously de-
scribed (14). Briefly, all slides were randomized, coded, and analyzed
blindly. Images of the AC and CC were captured using a SPOT Insight
camera (Diagnostic Instruments) mounted on a Nikon ES-600 micro-
scope. Images were captured at X200 magnification under dark-field
optics. Using Image J (gift of W. Rashband, National Institute of Mental
Health), a threshold was set such that only silver grains were detected
and the area of silver grains associated with individual cells was de-
termined by placing a circle of a fixed area (0.002 mm? at X200) over each
cluster of silver grains. Ten cells per brain region were measured for a
total of 40 cells per animal. The average of these 40 measurements was
used as a point estimate of relative cellular levels of the target mRNA
(i.e. proportional to amount of radioactive probe sequestered in each cell)
(24). This method of estimating cellular mRNA levels has been dem-
onstrated to closely resemble results obtained from directly counting
silver grains (25). After analysis was complete, slides were decoded,
averaged for each animal, and statistical analysis was performed.

Cell density measurements

To determine the density of MAG-positive and GFAP-positive cells
per unit area in the CC, methyl green-stained nuclei associated with
silver grain clusters were counted at a magnification of X200 using an
5- X 5-mm ocular reticule. At this magnification, the reticule represents
an area of 0.0625 mm?. Four fields were measured in each section, for
a total of 16 fields per animal. In the AC, all MAG-positive and GFAP-
positive nuclei were counted. The resulting cell counts were then nor-
malized to AC area by measuring the area of the AC using the mor-
phometric function in Image J. Each AC was analyzed unilaterally and
averaged for each animal (two per section, four per slide, eight per
animal).

To determine the total cellular density in the AC and CC, slides
containing adjacent sections to those analyzed for MAG-positive cells
were stained with 4',6-diamidino-2-phenylindole (DAPI), which labels
all nuclei within each section. DAPI-stained nuclei were visualized using
a Nikon Eclipse microscope and X400 magnified images were captured
with a RT Slider charge-coupled device camera (Diagnostic Instru-
ments). Cellular density was estimated by individually counting the
number of nuclei contained within a box measuring 0.0225 mm? at X400
magnification on each digitally captured image. Two fields were mea-
sured for each section, producing eight estimates of overall cell density
for each animal. The resulting estimates of cell density were averaged
for each animal and statistical analysis was performed.

Statistical analysis

Results were analyzed using a one-way ANOVA. Post hoc test, when
appropriate, were performed using Bonferroni’s t test. The Grubbs test
was used to identify statistical outliers in all data. Although statistical
outliers were identified in some data sets, the overall results were not
altered by their omission. ANOV As, post hoc tests, Grubbs test, and linear
regressions were completed using GraphPad Prism statistical software
(San Diego, CA).
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Results
Animals and T,

PTU treatment was associated with a significant and
graded reduction in serum total T, in P15 pups. One-way
ANOVA on serum total T, revealed a significant effect of
PTU treatment (F550 = 65.27; P < 0.0001), and post hoc
analysis demonstrated that T, levels were significantly re-
duced at all PTU doses (Fig. 1A). On average, 1 ppm PTU
produced a 28% decrease in serum total T,; 2 and 3 ppm PTU
produced a 63 and 82% decrease, respectively. In contrast,
one-way ANOVA revealed no significant effect of PTU treat-
ment on P15 pup body weights (F(5 3, = 1.261; P = 0.3047
(Fig. 1B).

Treatment effects on MAG expression

Film analysis of MAG expression in the AC and CC re-
vealed a significant effect of PTU treatment on MAG expres-
sion in both regions of white matter (F 3 »5, = 8.092, P = 0.0006
and F3 7 = 15.82, P < 0.0001; AC, CC, respectively). Bon-
ferroni’s t test demonstrated that MAG mRNA was signif-
icantly reduced by 3 ppm PTU in the AC but by both 2 and
3 ppm PTU in the CC (Fig. 2C).

Effects of PTU on MAG expression using film analysis may
not identify differences in cellular levels of MAG mRNA, or
changes in the number of MAG-expressing cells (14). There-
fore, we evaluated cellular levels of MAG mRNA using lig-
uid photographic emulsion; the resulting dark-field images
are shown in Fig. 2, A and B. The one-way ANOVA revealed
a significant effect of PTU treatment on cellular levels of
MAG mRNA in the AC and CC (F 3,5 = 13.17, P < 0.0001
and F 3 »7) = 11.96, P < 0.0001; AC, CC, respectively). Post hoc
analysis demonstrated that cellular levels of MAG mRNA
were significantly reduced in animals exposed to PTU at 2
and 3 ppm in the both the AC and CC (Fig. 2D).

We next assessed whether the number of MAG-positive
cells (terminally differentiated oligodendrocytes) was re-
duced in white matter tracts after PTU treatment. One-way
ANOVA revealed a significant effect of PTU treatment on the
density of MAG-positive oligodendrocytes in both the AC
and CC (F 3,y = 10.05, P = 0.0002 and F3,4 = 31.57, P <
0.0001; AC, CC, respectively). Bonferroni’s ¢ test demon-
strated that the density of MAG-positive oligodendrocytes
was significantly reduced in the AC of animals exposed to 3
ppm PTU and in the CC in animals exposed to 2 and 3 ppm
(Fig. 2E).

Treatment effects on GFAP expression

Considering that thyroid hormone plays a role in the dif-
ferentiation of oligodendrocytes from precursors that also

FiG. 3. The effects of PTU treatment on GFAP expression, cellular levels of GFAP, and GFAP-positive cell density in the AC (A) and CC (B).
A and B, Representative photomicrographs obtained after in situ hybridization for GFAP mRNA using liquid photographic emulsion. C,
Quantification of GFAP mRNA abundance in AC (left panel) and CC (right panel) of film autoradiograms by microdensitometry. Data are
depicted as bar graphs showing the relative abundance of GFAP. D, Bar graphs quantifying cellular GFAP mRNA levels in the AC (left panel)
and CC (right panel). Dark-field images were thresholded and analyzed for silver grain area. PTU treatment significantly elevated cellular GFAP
mRNA levels in the AC and CC. D, Bar graphs representing the mean density of astrocytes in the AC (left panel) and CC (right panel). PTU
treatment significantly increased astrocyte density in the AC and CC in a dose-depend manner. Bars represent the mean * SEM of background
corrected density values (C), silver grain area per cell (D), and number of GFAP-positive cells per square millimeter (E) (n = 6-9/group). ***,
P < 0.001; #*, P < 0.01; *, P < 0.05 (significantly different from control group using Bonferroni’s ¢ test after a one-way ANOVA).
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generate astrocytes, we evaluated the effects of PTU treat-
ment on GFAP expression and astrocyte number in white
matter tracts. One-way ANOVA revealed a significant effect
of PTU treatment on GFAP expression only in the CC (F3 56,
= 18.26, P < 0.0001). However, a strong trend of PTU ex-
posure on GFAP expression in the AC was noted (F3 54y =
2.791, P = 0.061). Bonferroni’s t test demonstrated that in the
CC, PTU exposure significantly increased GFAP expression
in animals exposed at 2 and 3 ppm (Fig. 3C).

PTU treatment exerted significant effects on cellular levels
of GFAP mRNA in cells of the AC and CC (Fig. 3, A, B, and
D; F3 05 = 3.01, P = 0.047 and F 5 ,,, = 32.17, P < 0.0001; AC,
CC, respectively). Bonferroni’s ¢ test demonstrated that cel-
lular levels of GFAP were significantly increased at 3 ppm
PTU in the AC and 2 and 3 ppm PTU in the CC.

PTU treatment also exerted significant effects on the den-
sity GFAP-positive cells in the AC and CC (F 3 55, = 3.355, P =
0.0348 and F 3,7, = 21.34, P < 0.0001; AC, CC respectively).
Bonferroni’s t test demonstrated that the density of GFAP-
positive cells is significantly increased at 2 and 3 ppm PTU
in both the AC and CC (Fig. 3E).

Treatment effects on total cellular packing density

We next addressed whether total cellular density was al-
tered in parallel with the observed reduction in density of
MAG-positive cells or with the observed increase in density
of GFAP-positive cells. One-way ANOVA revealed a signif-
icant effect of PTU treatment on total cellular density (i.e.
DAPI stained nuclei) in the AC and CC (F3 ) = 491, P =
0.0092 and F 3 56 = 27.59, P < 0.0001; AC, CC, respectively).
Bonferroni’s t test demonstrated that the total cellular density
was significantly reduced in the AC of animals exposed to 3
ppm PTU only and in the CC in animals exposed to 1, 2, and
3 ppm PTU (Fig. 4, C and D).

Treatment effects on the sum of oligodendrocyte and
astrocyte density

If TH controls the ratio of oligodendrocytes to astrocytes
in white matter tracts by acting on a cell type that serves as
precursor to both oligodendrocytes and astrocytes, then the
sum of these two glial cell lineages should not be altered with
TH insufficiency. Figure 4, E-F, demonstrates that the sum
of MAG-positive cells and GFAP-positive cells was unaf-
fected by PTU treatment in the AC and CC (F3 55, = 0.068,
P = 06168 and Fpo,y = 1.093, P = 0.3689; AC, CC,
respectively).

Correlation between oligodendrocyte and astrocyte density
and serum T,

Using linear regression, we analyzed the relationship be-
tween serum T, and oligodendrocyte and astrocyte densities
after PTU exposure (Fig. 5, A and B). In the CC, there was a
strong correlation (r* = 0.68) between serum total T, and
MAG-positive cells, and the slope of the relationship signif-
icantly deviated from zero (y = 7.324 X —237.3; F( 5 =
62.37, P < 0.0001; Fig. 5A). GFAP-positive cells in the CC
showed a similar relationship with serum total T, to that of
MAG-positive cells except the correlation was slightly less

Sharlin et al. ® Thyroid Hormone Controls Glial Ratio

strong (r* = 0.45). Nonetheless, the slope of the relation-
ship significantly deviated from zero (y = —6.668 X + 1065;
F 128y =23.15, P <0.0001; Fig. 5A). However, in the AC, much
weaker correlations were observed for both MAG-positive
and GFAP-positive cells (r* = 0.27 and r* = 0.33; MAG-
positive and GFAP-positive, respectively; Fig. 5B). However,
as with CC, the slopes of the relationships remained signif-
icantly different from zero (y = 2.681 X +91.06; F; »3, = 8.452,
P =0.0079 and y = —3.801 X +631.3; F; 54 = 17.55, P =
0.0015; MAG-positive and GFAP-positive, respectively; Fig.
5B).

Relationship between total cell density and serum T,

Considering the differential sensitivity of the CC and AC
to TH insufficiency, we explored the relationship between
total cellular packing density measured by DAPI staining
and serum T, (Fig. 5C). Linear regression analysis demon-
strated a strong correlation (r* = 0.66) between serum total
T, and total cellular packing density in the CC, and that the
slope of the relationship significantly deviated from zero
(F1,28) = 53.16, P < 0.0001). The correlation was weaker in
the AC (r* = 0.24), but the slope was significantly different
from zero (F(;,5 = 7.414, P = 0.0121). Interestingly, the
relationship between packing density and serum total T, (i.e.
the slope of the line) was different in the CC than the AC
(Fa51) = 5.52, P = 0.0023).

Discussion

The present findings strongly support the conclusion that
TH controls the balance of oligodendrocyte and astrocyte
density in the CC and AC and that this balance is quite
sensitive to changes in circulating levels of T,. The sum of
astrocyte and oligodendrocyte density in the AC and CC was
unchanged by circulating level of T,; however, oligodendro-
cyte density was linearly and positively related to serum T,,
and astrocyte density was linearly and negatively related to
serum T,. This observation strongly supports the hypothesis
that TH acts on a common precursor of oligodendrocytes and
astrocytes in white matter, favoring the development of the
former at the expense of the later. Linear regression analysis
indicated that a 1 ug/dl reduction in total serum T, will
produce a 12% reduction in the density of MAG-positive cells
in the CC but only a 6% reduction in the AC. Similarly, a 1
pg/dl reduction in total serum T, will produce a 12% in-
crease in the density of GFAP-positive astrocytes in the CC
but only a 7% increase in the AC, suggesting that the CC is
more sensitive to changes in serum total T, than the AC.

These observations have several important implications
about the role of TH in brain development. First, the obser-
vation that TH controls the ratio of oligodendrocytes to as-
trocytes in white matter indicates for the first time that neu-
rological deficits associated with TH insufficiency during
development may be due to the combination of decreased
oligodendrocyte numbers and concomitant increased astro-
cyte numbers. Fewer oligodendrocytes will result in de-
creased myelination which will alter efficient neuronal trans-
mission along axons. An increase in astrocytes during
development may alter synapse formation and synaptic
transmission; two important astrocyte-regulated events (26,
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(n = 6-8/group). *, P < 0.05; **, P < 0.01; **, P < 0.001 (significantly different from control group using Bonferroni’s ¢ test after a two-way ANOVA).

27). In addition, astrocytes are the major cell type in the brain
that express the type II deiodinase, which converts T, to the
more biologically active hormone T, thereby regulating local
tissue TH levels (28, 29). Therefore, an increase in astrocytes
may alter local TH levels. However, it is not clear whether
white matter astrocytes express the type II deiodinase en-
zyme (30). Second, as little as a 28% reduction in serum total
T, was sufficient to significantly reduce the cellular density
of the corpus callosum; thus, developmental events in the
brain are far more sensitive to fluctuations in TH than pre-
viously observed. Lastly, the CC and AC exhibited different
sensitivities to TH insufficiency; thus, the brain is not uni-
formly sensitive to TH insufficiency.

Several lines of evidence support the hypothesis that TH
acts on a common precursor in the AC and CC to favor
oligodendrocyte differentiation at the expense of astrocyte
differentiation. First, several in vitro studies demonstrated
that TH acts on GRP/O2As. These cells generate both oli-
godendrocytes and astrocytes in vitro under the direction of
TH, which induces cell cycle exit and initiate terminal dif-
ferentiation in oligodendrocyte precursors (31-33). Second,
studies in vivo using a model of developmental TH insuffi-
ciency demonstrate that mature oligodendrocytes are re-
duced in number in large white matter tracts (14, 15) and
mature astrocytes are reciprocally increased (14). However,
because previous studies used severe hypothyroidism in
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Fi1G. 5. The relationship between changes in total serum log T, and
oligodendrocyte or astrocyte numbers (A and B), and total serum log
T, and total cellular packing density in the AC and CC (C) in P15 pups
after developmental PTU exposure. Best fit lines were derived using
a linear regression model. Note the strong linear relationship (cor-
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vivo, it is possible that the relationship between oligoden-
drocytes and astrocytes was fortuitous. In contrast, if these
two cell types are derived from a common precursor and if
this precursor is the site of TH action to regulate the balance
of production of oligodendrocytes and astrocytes, then the
sum of these two cell types should be the same across all
levels of TH. Thus, our observation that the sum of astrocytes
and oligodendrocytes remains the same for all levels of se-
rum TH is strong support for the interpretation that TH acts
on common precursor to oligodendrocytes and astrocytes.
However, regression analysis also indicated that addi-
tional mechanism(s) controlled by TH may contribute to the
pattern of white matter development in the CC. Specifically,
the slope of the relationship between serum T, and MAG-
positive cell density in the CC was significantly different
from that of serum T, and GFAP-positive cell density. In
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contrast, the slopes of these relationships were not different
in the AC. If the effects on white matter associated with
reduced TH were solely due to altered TH action at the
GRP/O2A, it would be predicted that the slopes would not
be significantly different. Thus, TH may affect more than one
developmental event in the CC, e.g. both fate specification of
a GRP/O2A precursor cell and postmitotic cell survival. TH
is known to be a survival factor for developing oligoden-
drocytes (34). Therefore, the reduction in MAG-positive cells
observed in animals with TH insufficiency may be due to a
combination of effects on cell fate and selective cell death in
the oligodendrocyte lineage. However, the observation that
the sum of oligodendrocytes and astrocytes in the CC is not
altered after any degree of TH reduction argues that differ-
ences in the slope are not due to cell death in the oligoden-
drocyte lineage.

An important but unexpected finding was that the
strength of the relationship (r*) between serum total T, and
oligodendrocyte number, astrocyte number, and total cell
density was greater in the CC than the AC. These observa-
tions indicate that the CC is more sensitive to changes in T,
than in the AC. Furthermore, this observation suggests that
that neuropsychological tasks that rely on proper myelina-
tion of the CC [e.g. response inhibition (35)] may be more
sensitive to changes in TH than those that rely on the AC.

One possible explanation for this difference is that the
proportion of TH-sensitive GRP/O2A precursors may differ
between the two brain regions. The density of oligodendro-
cytes in the CC was slightly higher than that of the AC (about
500/mm? in the CC, compared with about 380/mm? in the
AC) but declined to about 200/mm? in both regions. More-
over, the density of astrocytes in the CC was also slightly
higher than in the AC (400/ mm? in the CC, compared with
about 250/mm? in the AC) and increased to about 600/ mm?
in the CC and 400/mm? in the AC. Thus, proportional
changes in the numbers of oligodendrocytes and astrocytes
in response to changes in serum T, may be attributable to the
proportion of TH-sensitive precursors in these two regions.

Differences in the sensitivity of oligodendrocyte numbers
in the CC and AC to TH may also be related to the different
origins of oligodendrocytes in these two brain regions. Spe-
cifically, Kessaris ef al. (20) demonstrated using a Cre-lox
genetic fate mapping approach that the first forebrain oli-
godendrocyte progenitors originate from the medial gangli-
onic eminence and anterior entopeduncular area of the ven-
tral forebrain during midembryonic development. They
migrate from these points of origin to populate the entire
embryonic telencephalon, including the AC and CC. These
pioneering progenitors are then joined by a second wave of
oligodendrocyte progenitors from the lateral /caudal gangli-
onic eminences. Finally, a third, postnatal wave arises di-
rectly from within the cortex. However, in the adult CC, the
early pioneering oligodendrocytes are eliminated, and the
postnatal wave is maintained. In contrast, in the ventrally
located AC, the early progenitors persist (20). If these two
populations of oligodendrocyte progenitors are differen-
tially sensitive to TH insufficiency or if the reduction in TH
is greater postnatally by PTU treatment, thereby preferen-
tially affecting the development of the postnatal wave, these
two brain regions could exhibit different sensitivities to TH.
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Moreover, because the timing of these waves differs, it sug-
gests that the differential sensitivity of the CC and AC to TH
insufficiency may relate to the timing of the analysis.

It is worth noting that we observed an overall decrease in
cellular packing density independent of changes in MAG-
positive and GFAP-positive cells. Although it is not imme-
diately clear what the nature of these lost cells are, MAG- and
GFAP-positive cells can account for only roughly 50% of the
cellular composition of the AC or CC on P15. This reduction
may be due, in part, to the loss of microglia in white matter
induced by TH insufficiency (36) and/or due to a reduction
in the number MAG-negative or GFAP-negative cells not
quantified in the present study (14). Interestingly, total cel-
lular packing density in the CC was the most sensitive bio-
marker of TH insufficiency. Our lowest dose of PTU (1 ppm
per 0.0001%) reduced total serum T, by 28.5%, significantly
reducing cellular packing density in the CC. This was the
only end point in the present study that was significantly
affected at 1 ppm PTU. This observation clearly demon-
strates that cellular packing density in the CC is extremely
sensitive to perturbations in TH during brain development
and more sensitive than other reported TH-mediated devel-
opmental events such as hearing (37).

Finally, it is important to recognize that the present ob-
servations were made in animals exposed to very low con-
centrations of PTU, compared with other studies. For exam-
ple, we previously used 0.1% methimazole in combination
with perchlorate to produce severe hypothyroidism (14). The
current dose of PTU is 1000 times less than this. In addition,
body weight was unaffected in these animals. Thus, this low
dose of PTU may more accurately represent a model of TH
insufficiency observed in CH children with inadequate treat-
ment or pregnant women with subclinical hypothyroidism.
Despite the lack of effects of PTU treatment on pup body
weight, serum thyroid hormones remained significantly re-
duced in the pups and dams (data not shown). In addition,
serum TSH was elevated in the dams (data not shown),
indicating that pups were exposed to TH insufficiency both
before and after birth.

In conclusion, the current data support the hypothesis that
at least some proportion of oligodendrocytes and astrocytes
are derived from a common precursor that is sensitive to TH
in the CC and AC. In addition, CC oligodendrocytes are more
sensitive to TH insufficiency than those in the AC. The im-
plications of this latter finding are important in that specific
cognitive deficits may be more sensitive to TH insufficiency
than others, thus providing insight in to the neurological and
behavioral deficits measured in children born with or to
mothers with thyroid dysfunction (8).
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